Background: Human BarH-like homeobox 2 (Barx2), a homeodomain factor of the Bar family, plays a critical role in cell adhesion and cytoskeleton remodeling, and has been reported in an increasing array of tumor types except non-small cell lung carcinoma (NSCLC). The purpose of the current study was to characterize the expression of Barx2 and assess the clinical significance of Barx2 in NSCLC. Methods: Quantitative real-time polymerase chain reaction, immunohistochemistry and western blot analysis were used to examine mRNA and protein expression, respectively. The relationships between Barx2 expression and clinicopathological variables were analyzed. Cell Counting Kit-8 and plate colony formation assay were used to detect cell proliferation. Transwell assay was used to examine cell migration ability. Glucose uptake, lactate, adenosine triphosphate, and lactate dehydrogenase assays were used to detect aerobic glycolysis. Results: Barx2 is downregulated in NSCLC tissues compared with para-carcinoma. Furthermore, Barx2 expression shows a negative correlation with advanced TNM stage and a high level of Ki-67. Survival analysis reveals that Barx2 level is an independent prognostic factor for NSCLC patients. The Barx2 (low) Ki-67 (high) group had the worst prognosis. Furthermore, the data indicate that downregulation of Barx2 expression promotes cell proliferation, migration, and aerobic glycolysis, including increased lactate dehydrogenase activity, glucose utilization, lactate production, and decreased intracellular adenosine triphospahte level. Furthermore, Barx2 acts as a negative regulator of the canonical Wnt/β-catenin pathway. Reactivation of Wnt/β-catenin pathway by LiCl can reverse the inhibiting effect of Barx2. Conclusions: These findings reveal that Barx2 serving as a tumor suppressor gene could decrease cell proliferation, migration, and aerobic glycolysis through inhibiting the Wnt/β-catenin signaling pathway, and predicts a good prognosis in NSCLC.
Introduction
Among all new cancer cases in 2012 worldwide, lung cancer accounted for 13% of them, and lung cancer mortality has remained the highest of all cancer types during the past several decades. 1 Lung cancer is categorized into non-small cell lung carcinoma (NSCLC) and small cell lung carcinoma (SCLC). 2 With 85% of all lung cancer cases, NSCLC is further classified into adenocarcinoma, squamous cell carcinoma, and others, which vary in the cell origin and morphology. 2 Although new methods for NSCLC diagnosis and treatment have continuously emerged, and the overall therapeutic effect on NSCLC has improved, [3] [4] [5] the 5-year survival rate of NSCLC is still approximately 15%. 6 Therefore, improving patient prognosis through a deep understanding of the exact molecular mechanisms of NSCLC development and progression, and identifying specific targets for medication treatment is critical.
BarH-like homeobox 2 (Barx2), a homeodomain factor of the Bar family, regulates the expression of cell adhesion molecules and influences cellular differentiation in various developmental contexts. 7, 8 Recently, downregulation of Barx2 associated with a number of solid tumors, such as gastric cancer, 9 ovarian cancer, 10 and primary hepatocellular carcinoma, 11 has correlated with poor prognosis. However, little is known about Barx2 in NSCLC.
In this study, we investigated Barx2 expression in NSCLC at both the mRNA and protein levels. Furthermore, a tissue microarray with data from 75 patients was to examine the correlation between Barx2 expression and clinicopathological parameters of NSCLC. We also investigated the biological function of Barx2 in NSCLC cells.
Methods Ethics statement
This study was approved by the Research Ethics Committee of The Affiliated Hospital of Xuzhou Medical University. Written informed consent was obtained from each participant before data collection.
Human NSCLC tissue specimens
A total of 75 cases of NSCLC tissue and adjacent normal tissue samples were collected at The Affiliated Hospital of Xuzhou Medical University between January 2005 and December 2010. All the patients were diagnosed and confirmed with NSCLC by histology, and the patients who had received radiotherapy or chemotherapy were excluded.
The follow-up was ended in January 2017. In total, 75 patients were included, 47 men and 28 women, with a median age of 61 years (range 35-81 years). The overall survival time ranged from 5 to 82 months, with a median of 29 months. Detailed information can be found in Table 1 .
Samples were deparaffinized in xylene and rehydrated in a series of graded alcohol. Endogenous peroxidases were blocked by 3% H 2 O 2 , and antigen retrieval was carried out after heating in citrate buffer. The sections were incubated with a rabbit polyclonal antibody against Barx2 (diluted 1:100; Abcam, Cambridge, MA, USA) at 4 C overnight and then with horseradish peroxidase (Gene Tech GTVision III Detection Kit, Shanghai, China) at room temperature for 40 minutes. After three washes with phosphatebuffered saline, the signal was detected with 3, 3 0 -diaminobenzidine solution.
Immunohistochemistry scores
Barx2 expression was scored according to staining intensity and the percentage of positive cells, as previously described. 12 The percentage of positive cells was scored as follows: no positive cells (0), ≤10% positive cells (1), 10-50% positive cells (2) , and >50% positive cells (3) . Staining intensity was scored as follows: no staining (0), faint staining (1), moderate staining (2), and dark staining (3). Comprehensive score = staining percentage × intensity. Barx2 expression was classified as follows: ≤6 (low expression) and >6 (high expression).
Cell culture
Human NSCLC cell lines H1299, H460, A549, LK-2, and one human bronchial epithelium cell line (HBE) were 
Western blotting
Cells were lysed with RIPA lysis buffer supplemented with protease inhibitor cocktail, and nuclear and cytoplasmic protein extraction Kit were obtained from Beyotime Biotechnology (Haimen, China). Protein concentrations were determined using the BCA protein concentration reagent kit (Beyotime Biotechnology). Cell lysates were separated by sodium dodecylsulfate polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membranes. Primary antibodies specific to Barx2 (1:200) were purchased from Abcam (Cambridge, USA), and GAPDH (1:1000), c-MYC (1:1000), β-catenin (1:1000), and HIF-1α (1:1000) were purchased from Cell Signaling Technology (Danvers, MA, USA).
Cell proliferation and plate colony formation assays
The Cell Counting Kit-8 (CCK-8; Beyotime Biotechnology) was used to measure cell proliferation by the manufacturer's instructions. After the addition of CCK-8 solution (10 μL/well), an additional incubation of two hours was carried out before measuring the absorbance at 460 nm. For plate colony formation assays, transfected cells were seeded in six-well plates (1000 cells/well) and cultured at 37 C under a humidified atmosphere containing 5% CO 2 for 10 days. After fixation by methyl alcohol for 15 minutes, cells were stained with 0.1% crystal violet solution for 20 minutes. Colonies were then counted and photographed.
Transwell assay
The transwell 24-well Boyden chamber (Millipore, Bedford, MA, USA) with 8.0 μm pore size polycarbonate membrane was used for the cell migration assays as previously described. 13 Briefly, each group of cells (1 × 10 5 /chamber) was plated in the upper chambers in 100-μL serum-free media for 24 hours, while the lower chambers contained 600 μL media supplemented with 10% fetal bovine serum as a chemoattractant. Cells migrated to the reverse side of chamber inserts were fixed by methyl alcohol and stained with 0.1% crystal violet.
Glucose uptake, lactate, adenosine triphosphate and lactate dehydrogenase assays Lactate Dehydrogenase Activity Assay Kit (Sigma, St. Louis, MO, USA), Lactate Assay Kit (Sigma, St. Louis, MO, USA), Colorimetric Glucose Assay Kit (BioVision, Milpitas, CA, USA), and firefly luciferase-based adenosine triphosphate (ATP) assay kit (Beyotime Biotechnology) were used to determine glucose uptake, lactate and ATP production, and activities of lactate dehydrogenase (LDH), respectively, according to the manufacturer's protocols. Briefly, the glucose utilization was estimated using a standard glucose calibration curve prepared under the same conditions and reported in micrograms per microliter. The lactate concentration was estimated using a standard lactate calibration curve prepared under the same conditions and reported in nanograms per microliter. ATP contents were calculated according to a standard curve of the supplied ATP standards and normalized using the cellular proteins. The LDH activity was measured by comparing the initial rate with a calibration curve for a known concentration of standard LDH created at the same time. The LDH activity was reported in milliunits per milliliter.
Statistical analysis SPSS 13.0 statistical software (SPSS Inc. Chicago, IL, USA) was used to perform the statistical analyses. The threegroup comparisons were conducted using one-way analysis -test or Fisher's exact test were used to determine the significance of differences between Barx2 and clinicopathological variables. KaplanMeier curves with log-rank tests were used to calculate the cumulative survival proportion for overall survival by Barx2 expression level. A Cox proportional hazards model was applied to investigate the univariate and multivariate hazard ratios for the study variables. P < 0.05 was considered to show a statistically significant result.
Results
Decreased expression of Barx2 in NSCLC tissues compared with adjacent tissue Barx2 mRNA expression was confirmed by the quantitative PCR analysis of 20 pairs of lung cancer tissue and matched adjacent normal mucosa. As shown in Figure 1a , the relative level of Barx2 mRNA in 17 out of 20 (85%) tumor tissues showed a significant decrease in comparisons with that of the adjacent normal mucosa (adenocarcinoma, 6/8; squamous cell carcinoma, 7/8; others, 4/4; P < 0.001). Furthermore, Barx2 mRNA levels in the human NSCLC cell lines H460, H1299, LK-2, and A549 were lower than in the non-tumorigenic HBE (Fig 1b,c; P < 0.05) . Subsequent western blot analysis also confirmed that Barx2 protein levels were downregulated in tumor cell lines as compared with the paired normal cell (Fig 1d; P < 0.05) , consistent with the results of quantitative PCR. In addition, immunohistochemical staining showed Barx2 protein was reduced in NSCLC tissues (Fig 2a,c, Table 2 ; P < 0.05).
Correlation between Barx2 expression and clinicopathological characteristics
We further evaluated the correlation between Barx2 expression and the clinicopathological characteristics. The patients were divided into two groups (low and high) according to the immunohistochemical scores. As shown in Table 3 , Barx2 downregulation was positively correlated with advanced TNM stage (P < 0.0.001) and a high level of Ki-67 (P < 0.0.001). However, it was not correlated with age (P = 0.426), sex (P = 0.789), smoking habit (P = 0.850), histological type (P = 0.257), grade (P = 1.000), T stage (P = 1.000), and N stage (P = 0.478).
Association between Barx2 expression and prognosis
The prognostic effect of Barx2 on the survival rate of NSCLC patients was investigated by Kaplan-Meier survival curves and the log-rank test. The log-rank test showed that patients with NSCLC tumors expressing high Barx2 levels had significantly higher overall survival than those expressing low Barx2 levels (Fig 3a; P < 0.0.001). The cumulative one-year, three-year, and five-year survival rates were only 35% (95% CI 0.193 to 1.507), 10% (95% CI −0.018 to 0.218), and 6% (95% CI −0.038 to 0.158) in the low Barx2 group, whereas it was 97% (95% CI 0.872 to 1.068), 54% (95% CI 0.383 to 0.697), and 14% (95% CI 0.022 to 0.258) in the high Barx2 group (Table 4) . In addition, we found that high levels of Ki-67 had worse prognosis (Fig 3b; P < 0.0.001). To further investigate the association of survival time with Barx2 and Ki-67 expression, the log-rank test showed that Barx2 (low) Ki-67 (high) correlated with shorter overall survival of NSCLC patients (Fig 3c; P < 0.001).
As shown in Table 5 , univariate analysis indicated that Barx2 level (P < 0.001), Ki-67 level (P < 0.001), N stage (P = 0.001), and TNM stage (P < 0.001) were correlated with patient survival. Multivariate analysis showed that Barx2 level was an independent prognostic factor for NSCLC patients (P < 0.001). Total n = 75.
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Barx2 inhibits NSCLC cell proliferation, migration, and aerobic glycolysis
To explore the role of Barx2 in NSCLC, we overexpressed Barx2 in A549 cell line (relatively low Barx2 level; Fig 1c) . Western blotting was used to confirm the efficiency of Barx2 overexpression (Fig 4a) . A CCK-8 assay and colony formation assay were performed to assess cell proliferation.
The results revealed that upregulation of Barx2 expression suppressed cell proliferation significantly (Fig 4b,c ; P < 0.05). Transwell assay revealed that overexpression of Barx2 inhibited cell migration (Fig 4d; P < 0.05). In addition, we examined the effect of decreased Barx2 on HBE (non-tumorigenic) cell proliferation and migration (Fig 5a) . The results showed that knockdown of Barx2 expression promoted cell proliferation and migration significantly (Fig 5b,c ; P < 0.05). Aerobic glycolysis, also named the Warburg effect, is a common feature of cancer cells, which exhibits aberrant metabolism characterized by high glycolysis even in the presence of abundant oxygen. 14, 15 This phenomenon facilitates tumor cell proliferation and migration with elevated glucose uptake and lactate production. Our data showed that Barx2 overexpression markedly decreased LDH activity, glucose utilization, and lactate production, and increased intracellular ATP level in A549 (Fig 6a; P < 0.05). On the contrary, Barx2 knockdown markedly increased LDH activity, glucose utilization, and lactate production, and decreased intracellular ATP level in HBE (Fig 6b; P < 0.05). Taken together, Barx2 inhibits NSCLC cell proliferation, migration and aerobic glycolysis.
Downregulation of Barx2 promotes cell proliferation, migration, and aerobic glycolysis by activating the Wnt/β-catenin signaling pathway A previous study revealed that Barx2 inhibited gastric cancer cell proliferation and invasiveness through inhibition of the Wnt/β-catenin signaling pathway. 9 In the present study, Barx2 overexpressing cells (A549-pBarx2) reduced nuclear β-catenin, c-MYC, and HIF-1α expression (Fig 4a) . In comparison, knockdown of Barx2 (HBE-siBarx2) increased nuclear β-catenin, c-MYC, and HIF-1α expression (Fig 5a) . These results supported a role for Barx2 as a negative regulator of the canonical Wnt/β-catenin pathway in NSCLC cells. Furthermore, we found that activation of the Wnt/β-catenin pathway by LiCl reversed the suppressing effect of Barx2 on cell proliferation (Fig 4b,c) , migration (Fig 4d) , and aerobic glycolysis (Fig 6a) in A549 cells.
Discussion
In this study, our data revealed that Barx2 plays an important role in NSCLC proliferation, migration, and aerobic glycolysis. Barx2 is downregulated in NSCLC compared with para-carcinoma. Barx2 overexpression inhibits NSCLC cell proliferation, migration, and aerobic glycolysis. The underlying mechanism might be involved in suppressing the Wnt/β-catenin pathway. Survival analysis revealed that the level of Barx2 is an independent prognostic factor for NSCLC patients. Barx2, located on chromosome 11q24-25, 16 is known to be involved in cytoskeletal organization, cell adhesion, growth factor signaling, and transcriptional regulation, and it acts as a transcription factor.
8 Barx2 is also involved in the development of craniofacial structures, salivary glands, hair follicles, and the squamous epithelium of the tongue and esophagus. 7, 8, 17, 18 A recent study suggested that it normally acts as a tumor suppressor. Lin et al. reported reduced Barx2 expression, as a miR-187 target, suppressed the migration, invasion, anchorage-independent colony formation, and orthotropic tumorigenesis of oral squamous cell carcinoma. 19 Mi et al. revealed that low Barx2 expression was associated with colorectal cancer progression and could serve as a potential independent prognostic biomarker for patients with colorectal cancer. 20 In gastric cancer, Barx2 is expressed at lower levels than adjacent normal mucosa. 9 We observed that Barx2 was downregulated in NSCLC compared with para-carcinoma. Furthermore, Barx2 expression has a negative correlation with advanced TNM stage and high levels of Ki-67. Patients with NSCLC tumors expressing high Barx2 levels had significantly higher overall survival than those expressing low Barx2 levels. Measuring Barx2 combined with Ki-67 expression, we found that the Barx2 (low) Ki-67 (high) group had the worst prognosis among NSCLC patients. Multivariate analyses showed that Barx2 level was an independent prognostic factor.
Subsequently, we studied the biological function of Barx2 in NSCLC. The results showed that of Barx2 upregulation inhibited cell proliferation and migration significantly. The tumor cells rely mainly on glycolysis, a phenomenon termed the Warburg effect for energy production, even in the presence of sufficient oxygen. 21 This metabolic adaptation is believed to be critical for tumor cell growth and proliferation, which is the most outstanding characteristic of energy metabolism in tumor cells. 22 Our data indicated that decreased Barx2 expression promoted the Warburg effect, including increased LDH activity, glucose utilization, lactate production, and decreased intracellular ATP level.
The Wnt/β-catenin signaling pathway has emerged as a key factor during homeostasis and tumorigenesis. 23, 24 β-Catenin, as a central downstream effector of Wnt signaling, plays a critical role in the regulation of tumor growth and development. 25 Because Barx2 has been reported to be involved in Wnt signaling, we explored the effect of Barx2 on the Wnt/β-catenin signaling pathway in NSCLC carcinogenesis. 9 Our results reveal that Barx2 inhibits Wnt/β-catenin signaling in NSCLC cells. Furthermore, reactivation of the Wnt/β-catenin pathway by LiCl can reverse the inhibiting effect of Barx2 on cell proliferation, migration, and aerobic glycolysis.
In sum, our findings reveal that Barx2 serves as a tumor suppressor gene, and could decrease cell proliferation, migration, and aerobic glycolysis through inhibiting the Wnt/β-catenin signaling pathway, and predicts a good prognosis in NSCLC patients. Figure 6 BarH-like homeobox 2 (Barx2) inhibits aerobic glycolysis through suppressing the Wnt/β-catenin signaling pathway. (a) The lactate dehydrogenase (LDH) activity, glucose utilization, lactate production, and intracellular adenosine triphosphate (ATP) level were detected in different groups including mock, control, pBarx2, and pBarx2 + LiCl. (b) The LDH activity, glucose utilization, lactate production, and intracellular ATP level were detected in human bronchial epithelium cell line (HBE) cells after transfecting of control vector or siBarx2. *P < 0.05.
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